Abstract-This paper relates to the use of a thin film of re-crystallized (polycrystalline) silicon as a low-pass rejection filter in the ultraviolet light range and, more particularly, to the use of this layer as a protective layer for semiconductor diodes. The polycrystalline silicon filters were fabricated by laser annealing a thin film of amorphous silicon deposited by an LPCVD process. A standard component of the polysilicon-gate CMOS process is the boron phosphor silicate glass (BPSG) planarization layer. Since this layer is always applied, the possibility of using it as the isolator between the diode and the filter (and, thereby, omit one SiO 2 layer) is considered. Using scanning electron microscopy, we compared the crystallization process of the LPCVD silicon film deposited on a glass substrate and on a BPSG layer. The fabrication and the characterization of the filter-protected photodiodes are described in the paper.
I. INTRODUCTION
A NEW technique for biochemical analysis based on highspeed screening (HSS) is under investigation. Here, an array of nanoliter wells is formed on a silicon substrate. In each well of the array a (bio-) chemical sample is placed which can consequently be examined. Implementation of small volume assays [1] - [3] , can lead to significant savings in the cost of samples, reagents and materials. The nanoliter reactor arrays developed use up to one million times less sample volume than ordinary 96-reactor Elisa titer plates. Also, the miniaturization of an assay makes simultaneous analysis of multiple samples feasible. Fluorescence is commonly used for detection in assay analysis. It has been used for monitoring a variety of compounds and enzymatic reactions such as pesticides, vitamins and amino acids [4] . In contrast of absorbance, fluorescence detection is a "low Manuscript received October 31, 2002; revised January 28, 2004. This work was supported by the Delft Interfaculty Research Center (DIOC), Intelligent Molecular Diagnostic Systems (IMDS). The associate editor coordinating the review of this paper and approving it for publication was Prof. Michael Schoening.
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R. background" technique. This implies that light emitted from a compound in an otherwise dark background is measured. Conversely, an absorbance detector compares the intensity of light in the presence and absence of the sample to be analyzed. This means that decreasing amounts of analyte will provide an increasingly smaller and therefore harder to detect absolute intensity differential. Absorbance detectors have a much lower detection limit, restricted by its thermal noise and the dark current. Furthermore, fluorescence detection generally exhibits greater selectivity than absorbance detection. This is brought about by the fact that although most organic molecules absorb UV/visible light, not all fluoresce and the fact that in case of fluorescence the excitation of wavelength is in a different spectral range than the emission spectrum. Numerous systems based on fluorescence detection are commercially available today, each optimized for a certain reaction. In the nanoliter silicon array discussed here, the wells can be simultaneously analyzed using a lens and a camera [5] . However, this method is bulky and expensive. An alternative solution is to fit each reaction chamber of the array with its own photodetector, so that screening can take place electronically. Monolithic integration processes for fabrication of the array allow this and provide a solution where scanning can take place much faster compared to conventional mechanical screening methods.
II. SENSOR STRUCTURE

A. Nanoliter Reactor Chamber
A variety of enzyme reactions can be monitored using the conversion of nicotinamid adenine dinucleotid (NAD) oxidized form to its fluorescent product nicotinamid adenine dinucleotid-reduced form (NADH). We are directing our efforts toward designing a sensor array for NADH concentration measurements in each well of the array. NADH absorbs light with a wavelength of 340 nm and radiates secondary (fluorescence) photons with a wavelength of 450 nm. Another substance, which can be detected with a similar setup, is protein tyrosine phosphatase (PTP1B). The protein can be activated using the molecular probe 6,8-difluoro-4-methylumbelliferyl phosphate (DiFMUP). The reaction product exhibits excitation/emission maxima of 358/455 nm. The protein PTP1B is used in the experimental results for practical reasons.
For fluorescence detection each reactor well in a 5 5 array comprises a photo sensor at the bottom, fabricated in a conventional CMOS process (Fig. 1) .
The reactor chambers are built using post-processing, patterning SU8 photo resist. The sensor array is illuminated from the top allowing the use of very simple optical equipment. However, a large fraction of the primary light will pass through the analyte and reach the detector. This light will cause a strong background signal. Although the proposed structure with illumination from the top is technologically the simplest one an optical filter is required in order to suppress the undesired primary light. Crystalline silicon is a material that shows a high absorption in the ultraviolet part of the light spectrum and even a thin-film exhibits the properties of a low-pass filter with high rejection for the UV light [6] - [8] .
B. Optical Absorption in Si
The absorption coefficient of photons in crystalline Si, an indirect semiconductor, is lower than that of a direct material and rises only slowly at energy levels near the bandgap (1.12 eV). Once the photon energy is sufficient to cross the direct gap region (3.4 eV), the absorption coefficient increases rapidly since direct transitions are possible. Light photons with wavelength of 390 nm or lower (UV light) have an energy above the direct gap in silicon and therefore can be absorbed in a very shallow region after entering the substrate. In the case of 340 nm (excitation maximum for NADH molecules), the photons can be absorbed in a layer as thin as 50 nm. Apart from phonon scattering, there are also other scattering mechanisms such as alloy scattering and impurity scattering, which can cause optical absorption in indirect semiconductors. As a result, "poor" quality indirect semiconductors have a higher absorption coefficient than pure indirect materials. In amorphous Si (a-Si) for example, the absorption coefficient is quite strong and its absorption properties resemble those of a material with a direct bandgap of 1.12 eV [9] . A thin film of a-Si can be used as a UV filter as well, but it is not suitable in the case of NADH fluorescence analysis. Although it exhibits high absorption for 340 nm, it highly suppresses the emission light with a wavelength of 450 nm.
C. Sensor Structure
The photodetectors have been built in a conventional 1,6 m polysilicon-gate CMOS process (Fig. 2) . In polysilicon-gate CMOS process, there are three different photodiodes and one vertical phototransistor available [10] , [11] . The photodiode structures result from the N-well/P-epilayer junction, the N-well/P-diffusion, and the P-epilayer/N-diffusion junction. For an application as a photodetector, two-stacked P-N junctions are used. The lower junction is formed by the P-epilayer and the N-well. The upper junction is formed by the N-well and a shallow implanted layer, which is normally used for drain/source contacts (SP). Some design constrains are imposed on the readout of the photodiode structure (Fig. 3 shows the electrical equivalent of the photodiode ). First, since the anode of the lower diode D1 is always connected to the ground via the substrate, both photodiodes share the N-well as a common electrode. Second, both diodes must operate under reverse bias and the substrate contact cannot be used for photocurrent readout. Consequently, it is not possible to measure each current separately, but the sum of both photocurrents can be measured at the N-well contact (readout electrode 1 on Fig. 2 ) and the current of the upper junction is measured at the SP contact (readout electrode 2 on Fig. 2) .
A standard component of the polysilicon-gate CMOS process is the boron phosphorus silica glass (BPSG) planarization layer. Since this layer is always applied, the possibility of using it as the isolator between the diode and the filter (and thereby skip one SiO layer) is considered. After deposition of the planarization BPSG layer, the conventional CMOS process is interrupted and a thin film of polysilicon is deposited. Because the silicon is grown on an amorphous base, the resulting layer also retains a similar structure. In order to enlarge the grain size of the polysilicon layer and create a monocrystalline structure, an annealing step follows.
A pulsed XeCl excimer-laser [12] - [14] (with a wavelength of 308 nm) is focused on the substrates and irradiates the surface with 100 pulses per area (pulse duration is 66 ns). The laser scans across the substrate with a step and repeat mode using an optical scanning system mounted on a -stage.
The filter built on the BPSG substrate is compared to a similar structure on a glass (SiO ) substrate [15] using scanning electron microscopy (SEM). Fig. 4 displays the resulting micrographs.
It appears that the grain size with both substrates is approximately the same (about 2-3 m) . This implies that filters deposited on either of the substrates would exhibit similar optical properties. 
III. MEASUREMENT RESULTS
A. Filter Measurements
The optical properties of thin film layers were simulated with TFCalc (Thin Film Design Software, Version 2.9, Software Spectra, Inc). In order to verify the simulation results, the optical transmittance of amorphous and polycrystalline silicon was measured. The measurements are made using a light source (xenon lamp) with monochromator. The filter characteristics of the polycrystalline and of the amorphous structures were measured.
In Fig. 5 , the spectral responses of amorphous and polycrystalline silicon deposited on glass and BPSG are shown. Both simulated and measured results are presented.
The amorphous silicon structure behaves as a low-pass filter, but has a moderate steepness. Although it suppresses UV light strongly, it exhibits considerable suppression of light in the visible spectrum as well. The crystalline filter acts as a low-pass filter with much steeper rolloff and a well-defined cutoff frequency at 400 nm. As shown in the figure, the thin-film crystalline silicon filter exhibits large suppression of the ultraviolet light. At the same time, suppression of light in the visible spectrum is small and allows weak visible light to be distinguished in the presence of a strong background (ultra violet) light level. Fig. 6(a) shows a picture of the filtered photodetector array with integrated readout electronics. The photodiodes measures 400 400 m. The leakage currents of the upper and lower junctions (connected together) have been measured at room temperature (200 pA cm ). The light intensity signal is derived from the sum of both photocurrents and is presented in Fig. 6(b) .
As described in the previous section, the sensor structure is implemented using a standard CMOS process, augmented with several extra processing steps in order to accommodate the formation of the filter structure. A stack of layers results, which comprises an air-oxide-silicon-oxide-silicon interface. The entire structure behaves as a resonating cavity (Fabry-Perot resonator), which exhibits variable transmittance behavior for light of different wavelengths. This accounts for the fluctuations in the spectral response of the photodetector, as shown in Fig. 6(b) . 
B. Enzymatic Measurements
Initial fluorescent measurements based on activation of the enzyme protein tyrosine phosphatase (PTP1B) using molecular probes DiFMUP (UV excitable) have been performed instead of NADH. An enzyme solution (500 pg/ L) was mixed with DiFMUP. The test was performed using a 1-L droplet deposited over a filter protected photodiode and excited using a 400-W metal-halide lamp as a light source. A dedicated filter was mounted to the light source in order to reduce the lamp spectrum to a narrow band with a peak at 340 nm. Since the procedure was done manually, several sources of error were present. The fluid could not be positioned identically above the photodetector each time (alignment error). Additionally, the droplet did not disperse on the surface uniformly, due to surface effects, which effectively led to varying thickness of the liquid above the sensor. It also appeared that when continuous UV light irradiation is applied, bleaching occurs. This effect, together with the rapid evaporation of the liquid, introduced an unacceptable amount of error.
To reduce evaporation rate and prevent spreading, the pipette tip containing the liquid was cut and placed over the photosensor (Fig. 7) .
Capillary forces held the solution inside the small tube and due to the small exposed area evaporation was minimal. Furthermore, since the liquid was confined inside the tube, no spreading occurred. To ensure that the pipette tip material is optically passive (does not fluoresce), the same experiment was performed with an empty pipette tip. To reduce the bleaching effect, the light source was modulated using a shutter. The measurement cycle lasted about 15 min. Fig. 8 shows the obtained results. Fig. 8 depicts the activation of the enzyme PTP using molecular probes DiFMUP. Saturation occurs after approximately 12 min, as expected in practice.
IV. CONCLUSION
We have developed a photodetector, covered with a low-pass optical filter. Such a device can be used for high-throughput enzymatic fluorescence analysis in nanoliter arrays for high-speed screening. The sensor is built in a conventional CMOS process. Since a BPSG layer is always applied in the CMOS process, the possibility of using it as the isolator between the diode and the filter (and thereby omit one SiO layer) is considered. After deposition of the planarization BPSG layer, the conventional CMOS process is interrupted and a thin film of polysilicon is deposited. In order to enlarge the grain size and get better optical properties of the polysilicon layer and approach a monocrystalline structure, a re-crystallization step follows. A comparison is made between filters deposited on glass and BPSG based on SEM imagery. It appears that grain sizes are similar with both substrates. The optical properties of the filter are such that the fluorescent (visible) light can be measured in the presence of excitation (UV) light with 35-dB selectivity. This will enable the detection of low concentrations of an analyte (fluorescence measurement) without applying sophisticated and expensive optical equipment. The filters investigated are compatible with available CMOS processes and are, therefore, very easy to implement on a chip in combination with integrated electronics by using post processing. The re-crystallized silicon thin-film filters are suitable for detection of various fluorophores used in biochemical analysis, which are excited by UV light and fluoresce in the visible spectrum (e.g., DiFMUP, NADH, NADPH, Dansyl Cl, and Flavins). From 1990 to 1996, he was a research member with Professor M. Matsumura in Department of Physical Electronics, Tokyo Institute of Technology. His main research activities were low-temperature CVD of silicon nitride film, fabrication of amorphous-Si TFTs, excimer-laser crystallization of silicon films, and fabrication of polycrystalline-Si TFTs. Since April 1996, he has been with the Delft Institute of Microelectronics and Submicrontechnology (DIMES), Delft University of Technology (DUT), Delft, The Netherlands, where he has established and been leading a number of projects related to laser crystallization of Si film, TFTs, and circuits using film. Since 1996, the research has been specially focused on location control of grains through novel excimer-laser crystallization processes and the fabrication and characterization of high-performance TFTs inside a single grain. He is currently an Assistant Professor at the Faculty of Electrical Engineering, Mathematics and Computer Science (EEMCS), DUT.
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